INTRODUCTION
The net hepatic output of apolipoprotein (apo) B-100, an essential protein component of plasma lipoproteins, very-low-density, intermediate-density, low-density lipoproteins and lipoprotein (a), is regulated at the translational and post-translational levels by degradation in a pre-Golgi compartment [1, 2] . ApoB-100 biogenesis in HepG2 cells has been used as a model for secretory proteins regulated by intracellular degradation. Multiple factors [3] [4] [5] [6] , including the presence and absence of low-density lipoprotein receptor in the liver cells [7] , seem to modulate the amount of apoB degraded in the cell.
Almost a decade after Borchardt and Davis [1] described the intracellular degradation of apoB, the ubiquitin-proteasome pathway was identified as a major mechanism for the intracellular degradation of apoB-100 [8] . Contributions from many laboratories have provided substantial detail to the role of the proteasome in apoB-100 degradation [9] [10] [11] [12] [13] [14] [15] [16] [17] . ApoB-100 is one of the largest proteins known and has a complex structure [18, 19] . The hypothesis for the involvement of such a wasteful pathway for an important protein such as apoB-100 is that it is a mechanism by which the cell rids itself of misfolded apoB-100.
ApoB-100 undergoes translational and post-translational modification in the form of glycosylation ; up to approx. 10 % by weight of apoB-100 is carbohydrate [20] . Both N-linked and Olinked glycosylation occur in apoB-100 molecules. The N-linked glycosylation of glycoproteins begins co-translationally in the endoplasmic reticulum and might have a role in determining the conformational properties of some secretory proteins [21, 22] . Little is known about whether alterations in the glycosylation of apoB-100 might affect its production by the liver. In the present Abbreviations used : apo, apolipoprotein ; FCS, fetal calf serum. 1 To whom correspondence should be addressed (e-mail lchan!bcm.tmc.edu).
the effects of tunicamycin on apoB biogenesis, tunicamycin seemed also to induce apoB co-translational degradation in HepG2 cells by one or more non-proteasomal pathways. Furthermore, tunicamycin increased apoB ubiquitination approx. 4-fold. The proportion of the newly synthesized apoB-100 that was secreted and incorporated into the nascent lipoprotein particles was unaffected by tunicamycin. Thus the tunicamycin-mediated inhibition of N-linked glycosylation interferes with the production of apoB-100 that is mediated by both proteasomal and non-proteasomal pathways.
Key words : atherosclerosis, lactacystin, lipoproteins, proteasome, ubiquitin. study we examined the effect of tunicamycin-mediated inhibition of the N-linked glycosylation of apoB-100 on its production in HepG2 cells, a human hepatoma cell line that is widely used for investigating the production of apoB. Tunicamycin inhibits the formation of N-acetyl-glucosamine-containing lipid intermediates involved in the generation of the N-linked oligosaccharide chains [23] . We found that treatment with tunicamycin decreases apoB-100 biogenesis by increasing the co-translational degradation of apoB-100. This degradation was partly protected by the specific proteasome inhibitor lactacystin. Treatment with tunicamycin also increased apoB ubiquitination. Therefore the inhibition of N-linked glycosylation induces intracellular degradation of apoB-100 via mechanisms that involve both proteasomal and non-proteasomal pathways.
EXPERIMENTAL Materials
Nitrocellulose membrane was from Schleicher and Schuell. Silica (fumed), N-ethylmaleimide, tunicamycin and N-acetyl--leucinyl--leucinyl--norleucinal were from Sigma. Gamma-Bind G Sepharose was from Amersham. Lactacystin was obtained from CalBiochem. Mouse monoclonal antibody against ubiquitin and goat polyclonal antibodies against human apoB and apoA-I were from Chemicon. Rabbit polyclonal antibody against human albumin was from Research Diagnostic. Monoclonal antibody against human apoB (1D1) was kindly provided by Dr R. W. Milne (Ottawa Heart Institute, Ottawa, Ontario, Canada). Peroxidase-conjugated goat IgG fraction against human albumin, [$&S]methionine, methionine, RPMI 1640 and methionine-free RPMI 1640 were from ICN. Tris\glycine gradient gels were from Norvex.
Cell culture
HepG2 cells were from A. T. C. C. and were maintained at 37 mC under an air\CO # (19 : 1) atmosphere in RPMI 1640 medium (Gibco BRL) containing 10 % (v\v) fetal calf serum (FCS ; HyClone), penicillin (100 units\ml) and streptomycin (100 µg\ml) (Gibco BRL).
Pulse-chase analysis and immunoprecipitation
HepG2 cells were plated on 24-well plates. Culture medium was changed three times a week. Pulse-chase analysis of apoB, albumin and apoA-I was performed as detailed previously [8, 24] on cells that had reached approx. 75 % confluence. Pharmacological manipulations before and during pulse-chase periods are indicated in the Figure legends. In brief, the cells were labelled for 60 min in methionine-free medium containing [$&S]methionine (100 µCi\ml). The chase was initiated by replacing the labelling medium with RPMI 1640 medium containing 10 % (v\v) FCS and unlabelled methionine (15 g\l) . At the times indicated, the culture medium was harvested and the cells were lysed and immunoprecipitated with polyclonal antibodies against apoB, followed by polyclonal antibodies against apoA-I and anti-albumin as described previously [17, 24] . Immunoprecipitates were released by boiling for 5 min in SDS\PAGE buffer in the presence of 5 % (v\v) 2-mercaptoethanol and analysed by SDS\PAGE [6 % (w\v) or 4-12 % (w\v) gradient gel for apoB ; 4-20 % (w\v) gradient gel for apoA-I and albumin]. Gels were dried and an autoradiographic image was captured by a phosphor storage system (Cyclone4 ; Packard) and analysed with OptiQuant Image Analysis Software. Data are expressed as digital light units per hour.
Immunoblot analysis
Western blot analysis was performed on the culture medium or cell lysate as described previously [17, 24] . The lipoproteins in the culture medium were concentrated with fumed silica [25] , then washed with cold PBS and eluted by boiling for 5 min in SDS\PAGE buffer containing 5 % (v\v) 2-mercaptoethanol. The cells were washed with cold PBS and lysed in 2 % (w\v) sodium cholate in Hepes-buffered saline [50 mM Hepes\200 mM NaCl (pH 7.4)] containing 1 mM PMSF, 0.1 mM N-acetyl--leucinyl--leucinyl--norleucinal, 5 mM N-ethylmaleimide and complete protease inhibitors (Boehringer Mannheim). Insoluble material in the cell lysate was removed by centrifugation at 10 000 g for 10 min. ApoB or albumin were immunoprecipitated with the respective antibodies as described above. The proteins were separated by SDS\PAGE, transferred overnight to nitrocellulose membranes, probed with monoclonal anti-ubiquitin or anti-apoB (1D1) or anti-albumin antibodies that had been peroxidase-conjugated with an EZ-Link4 Plus Activated Peroxidase kit (Pierce) and detected by enhanced chemiluminescence (ECL2 kit ; Amersham). The relative intensities of the immunoblot bands were quantified with an AlphaImager4 2000 Documentation and Analysis system (Alpha Innotech Corporation).
Sucrose-gradient ultracentrifugation of lipoproteins
The lipoproteins present in the medium were separated by sucrose-gradient ultracentrifugation by the method of Bore! n et al. [26] as described previously [24] . Each gradient was formed by layering the following solutions from the bottom of the tube : 2 ml of 47% (w\v) sucrose, 2 ml of 25 % (w\v) sucrose, 5 ml of sample in 12.5 % (w\v) sucrose, and 3 ml PBS. The gradients were centrifuged in a Beckman SW40 rotor at 35 000 rev.\min (217 900 g) at 4 mC for 65 h. Gradients were unloaded from the top of the tube in 12 fractions. Lipoproteins in each fraction were concentrated with silica and washed with cold PBS ; apolipoproteins were eluted into SDS\PAGE buffer and separated by SDS\PAGE [6 % (w\v) gel] as detailed above. ApoB was detected by immunoblot analysis with a peroxidase-conjugated monoclonal antibody against human apoB (1D1).
Statistics
Data are presented as meanspS.E.M. and were analysed by using Jandel Scientific Software SigmaStat 2.0. We used a t test to compare data from two groups and a one-way analysis of variance to evaluate the presence of significant differences between more than two groups, followed by post-hoc comparisons of the group means by the method of Tukey (SigmaStat 2.0).
RESULTS

Tunicamycin inhibits the biogenesis of apoB-100 in HepG2 cells
We first examined the effect of tunicamycin on the biogenesis of apoB-100. HepG2 cells were incubated in the presence or absence of tunicamycin (5 µg\ml) for 2 or 4 h. They were then labelled with [$&S]methionine for 60 min before a 2 h chase was performed by the addition of excess unlabelled methionine, during which time the tunicamycin was either present or absent. After the 2 h chase, approx. one-third of the labelled apoB-100 remained, irrespective of the presence or absence of the antibiotic (P 0.001 ; Figure 1A ). However, it is clear that the presence of tunicamycin substantially decreased the amount of intracellular radiolabelled apoB-100 during the 1 h labelling period. A 2 h pretreatment with tunicamycin produced an approx. 25 % (P 0.05), and a 4 h pretreatment an approx. 80 % (P 0.05), decrease in the amount of [$&S]methionine-labelled apoB-100 [compare tunicamycin-treated groups with control ( Figure 1A , middle panel, filled columns)]. The relative amounts of apoB-100 secreted [approx. one-third of the remainder ( Figure 1A , lower panel)] were essentially unaffected, indicating that poorly glycosylated or unglycosylated apoB-100 was secreted with an efficiency similar to that of the fully glycosylated protein. This observation is similar to that previously reported for the relative lack of effect of tunicamycin on apoB secretion [27, 28] .
As a control we examined the effect of treatment with tunicamycin on apoA-I and albumin, two non-glycosylated secretory proteins. Exposure of the cells to tunicamycin for 2 h had no effect on the amount of intracellular radiolabelled apoA-I ; a 4 h exposure produced a small but significant effect [P 0.05 ; compare tucamycin-treated groups with control ( Figure 1B , filled columns)]. The presence of tunicamycin substantially decreased the amount of the intracellular radiolabelled albumin after a 1 h labelling period [P 0.05 ; compare tunicamycin-treated groups with control ( Figure 1C , filled columns)]. Similar mild to moderate inhibitory effects of tunicamycin on albumin biosynthesis had been noted previously in avian hepatocytes [27] . There was little or no effect of tunicamycin on the relative amounts of apoA- 35 S]methionine for 1 h and chased with excess unlabelled methionine for 0 or 2 h in the presence or absence of tunicamycin (5 µg/ml) or lactacystin (20 µM). After the chase, the medium was collected and the cells were lysed. ApoB and then apoA-I and albumin were immunoprecipitated with anti-apoB followed by anti-(apoA-I) and anti-albumin antibodies and quantified as described in the Experimental section. (A) ApoB ; (B) apoA-I ; (C) albumin. Results represent three separate determinations and are expressed as meanspS.E.M. The absence of discernible S.E.M. bars indicates that they fell within the width of the line drawing. Abbreviation : DLU, digital light units. In (A) the top panel represents relative expression, taking as 100 % the 1 h-labelled apoB-100 at 0 h chase.
Figure 3 Effect of tunicamycin on the time course of apoB synthesis
HepG2 cells were pretreated for 3 h with tunicamycin (5 µg/ml) in 1 ml per well of culture medium containing 10 % (v/v) FCS. Lactacystin was then added to some wells ; other wells received an equal volume of vehicle for a further 0.5 h of incubation. Medium was changed to 0.5 ml of methionine-free medium containing [
35 S]methionine for 5, 10, 30 and 60 min with or without tunicamycin or lactacystin as indicated. After labelling, the cells, together with medium, were mixed with 0.5 ml of lysis buffer and lysed overnight. The lysate was cleared of cell debris by centrifugation and the supernatant was immunoprecipitated with anti-apoB followed by anti-(apoA-I) and anti-albumin antibodies. The proteins in the immunoprecipitated lysates were separated by SDS/PAGE. The positions of molecular mass markers are indicated at the left for apoB and right for albumin and apoA-1.
Effect of lactacystin and tunicamycin on apoB-100 biogenesis in HepG2 cells
To examine whether the effect of tunicamycin on apoB biogenesis was mediated by the proteasome pathway, we studied whether lactacystin, a proteasome-specific inhibitor, influenced the tunicamycin effect. HepG2 cells were pretreated with tunicamycin (5 µg\ml) for 4 h. They were then analysed by pulse-chase analysis as described above, except that lactacystin was present in some of the cultures. In agreement with previous observations [17] , the presence of lactacystin (20 µM) almost doubled the amount of intracellular radiolabelled apoB-100 after 1 h of labelling [P 0.001 ; Figure 2A (compare group 3 with group 1, filled columns)]. This can be explained by the fact that lactacystin inhibits the co-translational as well as the post-translational degradation of apoB-100 [10, 12, 17] . In contrast, lactacystin did not increase the amount of intracellular radiolabelled apoA-I or albumin after a 1 h labelling [ Figures 2B and 2C (compare group 3 with group 1, filled columns)], indicating that there is insignificant proteasome-mediated degradation of these non-glycoproteins. As in the experiment shown in Figure 1 , tunicamycin substantially decreased the amount of intracellular radiolabelled apoB-100 after a 1 h labelling period [P 0.001 ; Figure 2A (compare group 2 with group 1, middle panel, filled columns)].
Figure 4 Time course of the effect of tunicamycin on intracellular and secreted apoB
HepG2 cells were cultured in the presence or absence of tunicamycin (5 µg/ml) for 2, 4, 7, 16, 20 and 25 h. At various times, the medium was collected and the lipoproteins in the medium were concentrated with silica. The cells were lysed ; the lysate was cleared of debris by spinning and the supernatant (1500 µg of protein of each sample) was immunoprecipitated with goat anti-apoB antibody followed by rabbit anti-albumin antibody. The proteins in the concentrated medium and in the immunoprecipitated cell lysates were separated by SDS/PAGE, transferred to nitrocellulose and probed with peroxidase-conjugated antibodies as described in the Experimental section. After a 2 h chase, the amount of apoB-100 that remained (cellular plus secreted) in lactacystin-treated (group 3) was approx. 4-fold higher that in the control (group 1) [P 0.001 ; Figure 2A (middle panel, hatched column plus open column)]. However, lactacystin had no effect on the relative amount (i.e. the percentage) of apoB-100 that remained (cellular plus secreted), whether tunicamycin was present or not [ Figure 2A (compare group 4 with group 3, top panel)]. Furthermore, of the remaining $&S-apoB-100, approximately one-quarter to onethird was recovered from the medium after the 2 h chase, irrespective of the presence or absence of tunicamycin.
Figure 5 Dose-dependent effect of tunicamycin on apoB secretion
HepG2 cells were treated for 20 h with various amounts of tunicamycin (0, 1.25, 2.5, 5, 10, 20 and 40 µg/ml ; lanes 1-7) or with vehicle (DMSO) (2, 4 and 8 µl/ml ; lanes 5h-7h ; equal amounts of DMSO were added to lanes 5-7). The medium was then collected and concentrated with silica. The cells were lysed. The cell lysate was cleared of debris by centrifugation and the supernatant (1500 µg of protein of each sample) was immunoprecipitated with goat anti-apoB antibody followed by rabbit anti-albumin antibody. The proteins in the concentrated medium and in the immunoprecipitated cell lysates were separated by SDS/PAGE, transferred to nitrocellulose and probed with peroxidase-conjugated antibodies as described in the Experimental section. (A) Cellular apoB ; (B) secreted apoB ; (C) cellular albumin. The positions of molecular mass markers are indicated at the left.
As shown above in Figures 1(B) and 1(C) , the presence of tunicamycin also decreased the amount of intracellular radiolabelled apoA-I and albumin [P 0.001 ; Figures 2B and 2C (compare group 2 with group 1, filled columns)]. The inhibitory effect of tunicamycin on these non-glycoproteins was not affected by the addition of lactacystin [ Figures 2B and 2C (compare group 4 with group 2)], which suggests that the effect of tunicamycin on apoA-I and albumin was not mediated by the
Figure 6 Effect of tunicamycin on ubiquitination of apoB
HepG2 cells were cultured in 162 cm 2 flasks until they had reached approx. 75 % confluence. The cells were then incubated with or without tunicamycin (5 µg/ml) in 10 ml of culture medium containing 10 % (v/v) FCS for 19 h. During the last 2 h of incubation, lactacystin (10 µM) was added as indicated. The culture medium was then collected ; lipoproteins in the medium (1 ml) were concentrated with silica (asterisk). The cells were lysed in 5 ml lysis buffer. The supernatant was cleared of cell debris by centrifugation ; an aliquot (1 ml) of the supernatant was immunoprecipitated with goat anti-human apoB antibody (Ab). The lipoproteins in the concentrated medium and in the anti-apoB immunoprecipitates from the cell lysates were separated by SDS/PAGE and blotted with peroxidase-conjugated anti-ubiquitin antibody [(A), left panel]. To probe for apoB, the filter was stripped and re-blotted with anti-apoB-peroxidase conjugate [(A), right panel]. (B) The anti-apoB immunoprecipitates from the lactacystin-treated cell lysates were subjected to SDS/PAGE and immunoblotted for ubiquitin and for apoB. Various amounts of the sample were loaded on the gel in this experiment. The ubiquitin conjugates (the entire lane from the top of the gel to approx. 46 kDa) and the apoB-100 band were quantified as described in the Experimental section. The ratios of the ubiquitin-apoB conjugate over apoB-100 were calculated and plotted in (C) as arbitrary units relative to control, which was set at 1.0. It should be noted that tunicamycin markedly decreased the intracellular mass of apoB-100 [compare lanes 3h and 1h and lanes 4h and 2h in (A)]. However, the intensity of apoB ubiquitinate conjugates in the cells treated with tunicamycin plus lactacystin was roughly similar to that in the cells treated with lactacystin only [compare lanes 3 and 1 in (A)], whereas the intracellular mass of apoB-100 in the cells treated with lactacstin plus tunicamycin was approx. one-quarter of that in the cells treated with lactacystin only [compare lanes 3h and lane 1h in (A)]. Therefore the tunicamycin-treated samples had a much higher ubiquitin content per weight basis of apoB in the sample. This is clearly evident in (B), as calculated in (C). The positions of molecular mass markers are indicated at the left.
proteasome. In both cases, most of the newly synthesized apoA-I and albumin were secreted both in the presence and the absence of lactacystin or tunicamycin after a 2 h chase.
Effect of tunicamycin and lactacystin on the time course of biogenesis of apoB polypeptides
We examined in some detail the effects of tunicamycin and lactacystin on the time-dependent accumulation of [$&S]-methionine-labelled growing apoB polypeptide chains. HepG2 cells were pretreated with tunicamycin for 3 h ; lactacystin was then added to some of the cells and the preincubation continued for a further 0.5 h, at which time [$&S]methionine was added to the cultures for 5, 10, 30 or 60 min in the presence or absence of tunicamycin and lactacystin as indicated (Figure 3 ). The inhibitory effect of lactacystin has a lag period [29] ; we therefore added this drug 30 min before labelling, to ensure that the inhibitor was present in its active form during the radiolabelling. As shown in Figure 3 (left panels), lactacystin enhanced the total amount of [$&S]methionine-labelled apoB, an observation consistent with the previously established fact that apoB undergoes co-translational (as well as post-translational) degradation by the proteasome pathway [10, 12, 17] . The presence of tunicamycin resulted in a substantial decrease in the apparent incorporation of [$&S]methionine into apoB. This was evident even at 5 min and was observed throughout the 60 min labelling period. The effect seemed to be much smaller or absent in apoB polypeptides that were shorter than approx. 220 kDa. This inhibitory effect of tunicamycin was largely, but not completely, reversed by the addition of lactacystin, an observation consistent with the participation of both proteasomal and non-proteasomal pathways in the effect of tunicamycin. In this experiment, lactacystin had essentially no effect on the incorporation of [$&S]methionine into apoA-I or albumin. The effect of tunicamycin on these non-glycoproteins was minimal and unaffected by the presence or absence of lactacystin (Figure 3, right panels) .
Effect of tunicamycin on steady-state levels of apoB-100 in HepG2 cells
To assess the effects of tunicamycin on the steady-state level of apoB-100 present in HepG2 cells and on that secreted into the culture medium, we performed an immunoblot analysis of cell lysate ( Figure 4A ) and medium ( Figure 4B ) after the cells had been exposed to tunicamycin (5 µg\ml) for various periods from 2 to 25 h. It is evident that tunicamycin decreased the amount of cellular apoB after a 7 h treatment and detectably decreased that in the culture medium after 16 h. It had a minimal effect on the cellular albumin level throughout the 25 h incubation ( Figure 4C ).
To examine the tunicamycin effects on these proteins further, we treated HepG2 cells with increasing amounts of tunicamycin (0, 1.25, 2.5, 5, 10, 20 and 40 µg\ml ; Figure 5 , lanes 1-7) or vehicle (DMSO) alone (2, 4 and 8 µl ; Figure 5 , lanes 5h-7h) for 20 h. Cellular apoB-100 ( Figure 5A ) and apoB-100 in the medium ( Figure 5B ) were analysed by immunoblotting. It is evident that tunicamycin decreased, in a dose-dependent manner, the amount of apoB inside the cell as well as in the medium ; vehicle alone was completely without effect. Consistent with the results shown in Figure 4 is our observation that the inhibitory effect of tunicamycin was much stronger on cellular apoB than on secreted apoB (compare Figures 5A and 5B) . The differential sensitivity of cellular and secreted apoB, coupled with the experiments shown in Figures 1 and 2 , suggests that the effect on the amount of apoB secreted was a result of impaired apoB production in the cell instead of a direct effect of tunicamycin on apoB secretion. The effect of tunicamycin on cellular albumin was minimal under these conditions ( Figure 5C ).
Tunicamycin promotes the ubiquitination of apoB in HepG2 cells
Multi-ubiquitination is a major mechanism for targeting proteins to the proteasomal pathway. We examined whether tunicamycin enhances the ubiquitination of apoB in HepG2 cells. Cells were preincubated in the presence or absence of lactacystin and\or tunicamycin (see the legend to Figure 6 for details). Cellular immunoreactive apoB was precipitated by a monospecific goat antiserum against human apoB and the immunoprecipitates were fractionated by SDS\PAGE. These were immunoblotted with monoclonal anti-apoB or anti-ubiquitin antibody. As shown in Figure 6 (A), apoB-ubiquitin conjugates were readily detected in the cells treated with lactacystin alone and in those treated with lactacystin plus tunicamycin ( Figure 6A, lanes 1 and 3) ; they were barely detectable in the absence of lactacystin (lanes 2 and 4). Although the intensities of the cellular apoB-ubiquitin conjugates in the cells treated with lactacystin plus tunicamycin were roughly similar to those in cells treated with lactacystin only ( Figure 6A ; compare lanes 3 and 1) , the intracellular mass of apoB-100 in the cells treated with lactacystin plus tunicamycin was approx. one-quarter of that in cells treated with lactacystin only ( Figure 6A ; compare lanes 3h and 1h) . Therefore the tunicamycin-treated samples had a much higher ubiquitin content per unit mass of apoB-100. In the sample that was treated with tunicamycin only, the intracellular apoB was barely detectable ( Figure 6A ; lane 4h).
To quantify the relative degrees of ubiquitination of the cellular apoB under these conditions, we blotted various amounts of the anti-apoB immunoprecipitate from the cells treated with lactacystin only and compared them with a sample containing a fixed amount of anti-apoB immunoprecipitate from the cells treated with lactacystin plus tunicamycin ( Figure 6B ). Comparison of samples that had approximately similar amounts of apoB-100 revealed that the apoB in tunicamycin-treated cells displayed an approx. 400 % increase in ubiquitin content ( Figure  6C ). In contrast, tunicamycin did not induce albumin ubiquitination under these conditions (results not shown).
Effect of tunicamycin on density distribution of apoB-100 secreted by HepG2 cells
ApoB-100 is secreted by HepG2 cells in association with lipids. We examined whether the density distribution of the apoB-100-associated lipoproteins was changed by treatment with tunicamycin. We compared the density profiles of apoB-containing lipoprotein particles in the medium of cells cultured in the presence and in the absence of tunicamycin or lactacystin. As shown in Figure 7 , we detected no significant difference between the density distributions of apoB under the different culture conditions. Inhibition of apoB glycosylation therefore did not affect its differential association with lipoproteins secreted by HepG2 cells.
DISCUSSION
Tunicamycin inhibits the formation of N-acetylglucosaminecontaining lipid intermediates involved in the generation of the N-linked oligosaccharide chains [23] . There are 19 potential N-linked glycosylation sites in apoB-100, of which only 16 are actually glycosylated [18] . The effect of inhibition of N-linked glycosylation on protein conformation and secretion varies with the protein [30] . Here we have shown that the inhibition of Nglycosylation in apoB-100 interferes with the production of this protein in HepG2 cells.
In HepG2 cells approx. 30-75 % of the newly synthesized apoB-100 is degraded within a 2-3 h period before the balance of the protein is secreted [4, 5, 8, 24] . We [8] and others [9] [10] [11] have shown previously that the intracellular degradation of apoB in HepG2 cells is mediated mainly by the ubiquitin-proteasome pathway. It occurs both co-translationally [12, 17] and posttranslationally [17, 31] . Here we have shown that the co-translational degradation of apoB-100 was enhanced further when Nlinked glycosylation of the protein was blocked by treatment with tunicamycin. Interestingly, some mild to moderate inhibition of albumin and apoA-I production was also evident. For these non-glycoproteins the mechanism is clearly different because, whereas lactacystin partly reversed the tunicamycin-induced cotranslational degradation of apoB-100, it had no effect on albumin or apoA-I. Inhibition of non-glycoprotein synthesis by treatment with tunicamycin had been reported previously [27] . It might be related to the effect of the antibiotic on the proper glycosylation of protein factors involved in protein translation. We note that lactacystin only partly reversed the effects of tunicamycin on apoB, indicating that both proteasome-mediated and non-proteasome-mediated pathways are involved in the tunicamycin-enhanced co-translational degradation of apoB-100. The involvement of the proteasome pathway was further supported by the stimulation of the multi-ubiquitination of apoB in the presence of tunicamycin. The role of the non-proteasomal pathway is unclear but is probably related at least partly to the same process that inhibits the production of albumin and apoA-I, possibly by interference with protein factors involved in translation.
Despite its enhanced co-translational degradation in the presence of tunicamycin, the under-glycosylated apoB-100 seemed to be secreted with relatively normal efficiency. The smaller amount of apoB-100 secreted in tunicamycin-treated cells is caused mainly by a decrease in the amount of protein produced in the cell. Approximately the same proportion of the newly synthesized apoB-100 was secreted from the HepG2 cells as from untreated cells under these conditions. Furthermore, the secreted apoB-100 was associated with lipoproteins of roughly the same buoyant densities as those produced by control cells. Thus inhibition of N-linked glycosylation in apoB-100 seems not to interfere with the assembly of apoB-100 into lipoproteins.
Why are more of the under-glycosylated apoB molecules degraded ? Normally, a substantial proportion of apoB is degraded intracellularly. The most popular hypothesis is that, being such a large and complex molecule, apoB-100 is prone to misfolding in HepG2 cells. The intracellular degradation of apoB is thought to be a mechanism by which the cell rids itself of misfolded apoB molecules. This interpretation is supported by the observation that a supply of extra lipids to HepG2 cells down-regulates the intracellular degradation of apoB [32] , presumably by increasing the proportion of molecules that are properly folded. It is tempting to speculate that inhibition of Nglycosylation promotes misfolding of apoB, predisposing it to removal by the cell. If this interpretation is correct, we are intrigued by the ability of the remaining under-glycosylated apoB-100 molecules to be secreted with similar efficiency and to associate normally with the secreted lipoprotein particles.
In conclusion, we found that the inhibition of N-glycosylation of apoB-100 in HepG2 cells promotes its co-translational degradation by proteasomal and non-proteasomal pathways. The absence of any significant effect of tunicamycin on the secretion and the lipoprotein association of apoB-100 is noteworthy. These observations provide insight into the biogenesis, structureconformation and functional aspects of apoB-100, a central building block of atherogenic plasma lipoproteins.
